A detailed understanding of the response of single microbubbles subjected to ultrasound is fundamental to a full understanding of the contrast-enhancing abilities of microbubbles in medical ultrasound imaging, in targeted molecular imaging with ultrasound, and in ultrasoundmediated drug delivery with microbubbles. Here, single microbubbles are isolated and their ultrasound-induced radial dynamics recorded with an ultra-high-speed camera at up to 25 million frames per second. The sound emission is recorded simultaneously with a calibrated single element transducer. It is shown that the sound emission can be predicted directly from the optically recorded radial dynamics, and vice versa, that the nanometer-scale radial dynamics can be predicted from the acoustic response recorded in the far field.
I. INTRODUCTION
Microbubbles are used as contrast agents for medical ultrasound imaging. 1 With a mean bubble radius between 1 and 5 lm the bubbles are resonant scatterers at typical medical ultrasound frequencies of 1-6 MHz. The bubbles scatter ultrasound more efficiently than a solid particle of the same size, at up to 9 orders of magnitude, owing primarily to the compressibility of the gas. 2 In addition, microbubbles scatter ultrasound nonlinearly at harmonic frequencies of the driving frequency. The nonlinear acoustic response of the bubbles allows for a discrimination from the linear tissue echo, thereby improving the contrast-to-tissue ratio and forming the basis for the development of harmonic imaging methods, including power modulation imaging, 3 and pulse inversion imaging. 4 Contrast agent microbubbles, unlike tissue, are also seen to emit energy at the one-half subharmonic frequency of the driving frequency, which may favor detection. [5] [6] [7] [8] [9] More recent applications of microbubbles are in molecular targeting and in sonoporation. 1, 10 In molecular targeting applications ligands are attached to the bubble coating and bind to specific markers expressed by diseased cells. In sonoporation applications the cell membrane opens momentarily as a result of the local stress exerted by bubble oscillations and jets. 11, 12 The transient opening of the cell membrane facilitates drug uptake by the cell.
In order to predict the nonlinear echoes from microbubbles, necessary for the optimization of contrast detection methods, detailed knowledge is needed on the physical origin of these echoes. Simply stated, microbubbles are excited by the transmitted pulse into an oscillation, which in turn converts into an acoustic response received by the ultrasound system. This path is schematically represented in Fig. 1 . The first part of the path determines the bubble dynamics in response to the driving pressure pulse. In the case of spherical oscillations, or volumetric oscillations, the dynamics of the bubble is described by the radius-time curve R(t). For an uncoated bubble in an unbounded medium the relation between the driving pressure and the dynamic response is well described by the Rayleigh-Plesset (RP) equation. [13] [14] [15] The RP equation is an ordinary nonlinear differential equation. In linearized form, i.e., for small radial excursions, it takes the analytical form of a harmonic oscillator. 14, 15 For larger radial excursions (on the order of 10% and higher) a nonlinear relation between the driving pressure wave and the radial response exists, and therefore the radial dynamics can contain higher-harmonic and subharmonic frequency components of the fundamental driving frequency.
To stabilize medical ultrasound contrast microbubbles the interface is coated with a protein, lipid, or polymer layer, which resists gas diffusion and decreases surface tension. The coating can introduce additional linear and nonlinear components to the dynamic response. The dilatational viscosity of the shell material results in an overall damping of the oscillation, while the elasticity of the shell material results in an increase of the resonance frequency. 17 Moreover, the viscoelastic properties can become nonlinear, which adds to the intrinsic nonlinear features of the bubble dynamics. The influence of a viscoelastic coating has been extensively studied theoretically and experimentally, see, e.g., Refs. 8, 9, 18-26. In general, the RP equation is extended to model the contributions of the shell. The viscoelastic properties are then captured by a set of shell parameters, whose values can be determined experimentally. A possible experimental approach would be to optically record the radial dynamics of a microbubble for a set of ultrasound parameters, notably pressure and frequency, from which the shell parameters are extracted by comparing the experimental curves with those of the theoretical predictions. 27 The second part of the path depicted in Fig. 1 , the conversion from radial excursion to the scattered sound wave P s (t), has had far less attention in literature. The theoretical derivation is based on conservation of mass and momentum 2, 14 and the final equation has been used in literature to predict the echo from experimentally or numerically obtained radial dynamics. 2, 14, 25, 28, 29 The conversion of the pulsating bubble volume into acoustic energy depends on the geometrical size of the bubble, and the velocity and the acceleration of the bubble wall. The exact relation will be given in Sec. II. Only a few studies hint at the implications of the conversion. 25, 30 The equation assumes the bubble to be isolated in an infinite medium and the bubble to remain spherical at all times. From in vitro, ex vivo, and in vivo studies it is known that bubbles are located in confined geometries, which leads to interactions with adjacent walls. [31] [32] [33] [34] [35] Neighboring bubbles are acoustically coupled. For molecular imaging applications, microbubbles are targeted to diseased cells through ligands introducing complex biomolecular interactions. These interactions may also lead to nonspherical bubble oscillations. In conclusion, a priori it is not known whether the echo of a pulsating microbubble can be predicted from an experimental radius vs time curve. Furthermore, the implications of the conversion have not been described in detail before.
Studying the applicability of the conversion requires simultaneous recordings of both the radial response R(t) and the resulting acoustic response P s (t) of a microbubble. Here we present a detailed experimental investigation of the different contributions to the overall acoustic response of coated microbubbles. We employ the ultra-high-speed camera Brandaris 128 (Ref. 36) to resolve the radial dynamics of a single microbubble and combine the results with a sensitive and calibrated acoustic setup to quantitatively assess its acoustic response. Through this combined setup we can monitor both the bubble dynamics and the emitted sound and verify the degree of correspondence of the signals. The data are also used to investigate the estimation of the radial dynamics of the bubble explicitly from its acoustic signature and resting radius. This reverse calculation is nontrivial and to our knowledge has never been described in the context of ultrasound contrast agents.
II. THEORY
The scattering of an incident ultrasound field by an oscillating microbubble consists of two contributions. 2 The first is a passive contribution that results from the perturbation in the compressibility of the propagating medium (that may originate from any body, oscillating or not) and the second is an active contribution that results from the volumetric oscillations of the bubble. In regular applications, ultrasound contrast microbubbles are gaseous and much smaller than the incident field wavelength, which implies that the passive contribution can be safely neglected as shown previously by Hilgenfeldt et al.
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The active contribution to the scattered ultrasound field is determined by the radial dynamics of the microbubble, described by R(t). The microbubble is assumed to be spherical at all times. From conservation of mass and momentum it follows that the emitted pressure wave P s (r, t) at distance r is determined from the second time derivative of the volume V(t) of the bubble, see, e.g., Refs. 2, 14, and 37,
where c denotes the speed of sound in the medium (% 1500 m/s in water) and q is the density of the surrounding liquid (%10 3 kg/m 3 for water). It is assumed that the receiver is sufficiently far from the microbubble r ) R ð Þ to neglect the Bernoulli pressure, also referred to as the kinetic wave, which decreases with 1/r 4 . The finite time for the pressure wave to travel a distance r from the bubble wall to the transducer surface is accounted for by the term r/c. We writeP s
FIG. 1. (Color online)
A schematic view on the origin of ultrasound scattering of a single coated microbubble. P A (t) is the driving pressure, R(t) is the radial response of the microbubble, and P s (t) the resulting echo response.
when the pressure is derived from the radial or volumetric motion of the microbubble, and P s when the pressure is measured directly.
In order to understand the effect of Eq. (1) on the bubble echo it is insightful to linearize Eq. (1) . For this purpose we assume the radial dynamics to be described by R t ð Þ ¼ R 0 1 À sin xt ð Þ f g , where ( 1 is the relative radial excursion and x is the angular frequency of the oscillation. The initial bubble radius is given by R 0 . Inserting this into Eq. (1) and ignoring terms of second and higher order yieldŝ
First, this relation shows that the amplitude of the scattered sound of the bubble increases with the third power of the initial bubble radius. Second, the amplitude of the scattered sound of an oscillating bubble increases quadratically with the frequency of oscillation. This is a result of the second time derivative in Eq. (1) . If the microbubble radial response contains higher harmonics of the driving pulse, then the echo amplitude of these harmonics will be enhanced with respect to the fundamental echo amplitude of the driving pulse. For example, the echo amplitude of the second harmonic is enhanced by a factor of 4 compared to the fundamental echo amplitude. Several assumptions are made in the derivation of Eq. (1). We consider an isolated single bubble in an infinite medium and exclude wall reflections and sound emission from neighboring pulsating bubbles. Furthermore, Eq. (1) accounts only for volumetric oscillations of the bubble; we will validate later that nonspherical oscillations, or surface modes, do not contribute significantly to the sound emission. Translation of the bubble as a result of the acoustic driving also contributes to the sound scattering. 2, 38 However, this contribution is of the same order as that of the passive contribution and can therefore be neglected. 2 
III. EXPERIMENTAL SETUP
To investigate the applicability of Eq. (1) we combined the Brandaris-128 ultra-high-speed camera 36 with an acoustic setup capable of quantitatively recording the sound transmitted by a single oscillating microbubble. The combined setup is schematically shown in Fig. 2 . Microbubbles are confined in a 200 lm diameter cellulose capillary tube with a wall thickness of 8 lm (Product No. 132294, Spectrum Europe, Breda, The Netherlands). The capillary tube was mounted horizontally in a cylindrical Plexiglas water-filled container that also supports the acoustic parts. The contrast agent studied was BR-14 (Bracco Research S.A., Geneva, Switzerland), an experimental contrast agent containing microbubbles with a phospholipid coating and a perfluorocarbon gas core.
A. Single bubble selection
It is not straightforward to ensure that the acoustic response received by the transducer results from a single microbubble. It requires the isolation of a microbubble with an initial bubble radius of around 2 lm in a volume as large as 2 mm 3 (i.e., dimensions comparable to the wavelength of the ultrasound and focal region of the used transducers). We have achieved the isolation with the use of a micropipette. With reference to Fig. 3 , a microbubble suspension was injected into a small reservoir. On one side the reservoir was connected to the capillary tube that leads to the measurement section. The capillary tube entered the bubble reservoir 400 lm below the top surface of the reservoir; this prevented bubbles that are touching the top surface from flowing into the tube. The other side of the bubble reservoir was open to the atmosphere, but nevertheless capillary forces prevented the solution from flowing out. A micropipette that was mounted on a three-dimensional-translation stage entered the bubble reservoir from the open side. The micropipette had a tip size of 0.5 lm, which is smaller than the bubble size. A single bubble was grabbed by applying a negative pressure with a syringe connected to the pipette. Then the bubble was brought down into the capillary tube and released. 39 With a syringe pump connected to the other side of the capillary tube we moved the bubble through the capillary tube into the measurement section. Note that the bubble remains in the capillary tube during the experiments.
B. Acoustic setup
A 2 MHz center frequency transducer (PA168, PVDFtype, diameter 18 mm, focus 22 mm, 100% À6 dB relative bandwidth, Precision Acoustics Ltd., Dorset, UK) was used to excite the bubble with an ultrasound pulse. A second transducer (C381-1 in. focus, 3.5 MHz, 100% À6 dB relative bandwidth, Panametrics, Olympus NDT, Waltham, MA) received the acoustic bubble response. The transducers were aligned in the same plane of the capillary tube under an angle of 50 to the capillary tube and at a 100 angle to each other in order to minimize specular reflection of the driving ultrasound on the capillary, see the inset at the top-left corner of Fig. 2 . Two calibrated 0.2 mm needle hydrophones (Precision Acoustic Ltd., Dorset, UK) were mounted in the Plexiglas container exactly opposite to the two transducers. The hydrophones could be moved in and out of the focus of the two transducers and were used to confocally align the two transducers with the microscope objective. The transmit transducer was excited with pulses generated by an arbitrary waveform generator (AWG 8026, Tabor Electronics Ltd., Tel Hanan, Israel) and amplified by a linear power amplifier (350L, ENI, Rochester, NY). The received bubble echoes were amplified 59.3 dB by a low-noise amplifier (AU-1519-10289, Miteq, Hauppauge, NY) and digitized by a digital oscilloscope (TDS 3012, Tektronix, Beaverton, OR). The digitized data were stored on a personal computer through a general-purpose interface bus-link for off-line analysis. Gaussian-apodized driving pressure pulses with frequencies ranging from 1 to 4 MHz were used to excite the bubbles. All pulses had a peak negative pressure amplitude of 40 kPa and had a length of 8.9 ls. The output of the transducer was calibrated with a calibrated hydrophone. The accuracy of the calibration procedure was 610%, which corresponds to 60.8 dB.
C. Optical setup
A 100Â magnification microscope objective (LUMFPL 100 Â /W, NA ¼ 1.0, Olympus, Tokyo, Japan) connected to an upright microscope (BX-FM, Olympus) was focused in the combined acoustical focus of the two focused transducers. The focal distance of the objective was 1.1 mm. In the experiments described here the Brandaris 128 camera recorded a series of six movies of 128 frames each at a frame rate near 15 Â 10 6 frames/s. The time interval between the recordings was 2.5 s. The microbubble was illuminated from below with a high-intensity xenon flashlight (MVS 7010 XE, Perkin Elmer, Waltham, MA). A continuous light source (ACE I, Schott, NY) in combination with a single CCD video camera (LCL-902K, Watec, Qwonn) was used to monitor the bubble in between experiments.
D. Data processing
The measured voltage-time curves were converted into pressure-time curves using the calibrated receive transfer function of the transducer following the procedure described by Sijl et al. 22 The setup, including the capillary tube, reflects the transmitted ultrasound pulse, thereby producing an offset in the acoustic response. For each experiment the background signal was recorded in the absence of a microbubble and subtracted from the signal recorded in the presence of a microbubble. The optical frames were analyzed to obtain the R(t) curves through a semiautomatic minimum cost algorithm 21 in MATLAB (The Mathworks, Natick, MA). A second order finite difference equation was used to calculate the second time derivative of R
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[n], n being the frame number,
IV. RESULTS
A total of 16 different microbubbles were studied at varying radii and frequencies, resulting in a set of 194 recordings. The initial bubble radius ranged from 1.4 to 6.7 lm. Depending on the initial bubble radius and the driving frequency, bubbles were observed to oscillate nonlinearly, i.e., when a higher-harmonic or subharmonic component could be identified in the radius-time curve. Figure 4 shows a typical recording of the response of an isolated bubble of 3.7 lm radius to pulses with an increasing frequency of 1.7-2.7 MHz [ Fig. 4(a) ]. The optically recorded radial responses are shown in Fig. 4(b) . At the lowest driving frequency (left hand side) the bubble follows the driving pressure pulse, except that it displays the so-called "compression-only" behavior. The compression-only behavior was first described by de Jong et al., 40 where it was observed that the bubbles compress efficiently while their expansion is suppressed. Compression-only behavior occurs when the surface of the bubble is fully saturated with phospholipids and the bubble reaches a tensionless state. Upon compression, the phospholipid coating then easily tends to buckle. A detailed theoretical understanding of the source of this nonlinear behavior was provided very recently by Sijl et al. 41 through a weakly nonlinear analysis of the shell buckling model proposed by Marmottant et al. 18 At higher driving frequencies a strong subharmonic component develops after a few cycles of the driving pulse. 9 The amplitude of the radial excursion decreases with increasing frequency, which is expected for bubbles that are driven with frequencies increasingly higher than the resonance frequency. The simultaneously recorded acoustic response [ Fig. 4(c) ] shows similar envelopes as the driving pulse, and also shows the subharmonic component, although at lesser extent than in the optical data; this effect will be extensively addressed later.
A. Linear response
A typical example of the recorded oscillations of a 6.5 lm bubble subject to a 1 MHz, 40 kPa driving pulse is shown in Fig. 5(a) . The camera recorded at a frame rate of 12.5 Â 10 6 frames/s. From the absence of higher harmonics in the spectra of the R(t) curve shown in Fig. 5(b) , we conclude that the oscillations are a linear response to the driving pulse. With Eq. (1) and the experimentally determined R(t) curve we have calculated the resultingP s t ð Þ, see Fig. 5(c) . The distance r in Eq. (1) was taken equal to 2.6 cm, the distance to the receiving transducer.
The higher frequency content in the R(t) curve is enhanced in the calculatedP s t ð Þ curve by a factor x 2 , see Eq. (2). The noise content on the R(t) curve determined from the high-speed recording is around 35 dB lower than the fundamental response, as can be appreciated in Fig. 5(b) . Because of the x 2 dependence, the high-frequency noise level in the calculated pressure curve can become as high as the bubble response signal, see Fig. 5(d) . In the time tracê P s t ð Þ the fundamental frequency response is barely visible because of high-frequency noise.
Figure 5(e) shows the predictedP s t ð Þ in the same graph as the actually measured pressure-time curve P s (t). P s (t) was obtained from the inverse Fourier transform of P s (x), where P s (x) is the product of the Fourier transform of the pressure amplitude-time curve (as measured with the receiving transducer) and the frequency transfer function of the transducer. To compare the curves in the time domain a low-pass fourth order Butterworth filter with a cut-off frequency of 2 MHz was applied to the predictedP s t ð Þ curve to reduce noise. The agreement is remarkable since the curves are obtained with two independent measurement methods. Interestingly, both the acoustic setup and the optical setup in combination with Eq. (1) are able to pick up and correctly predict pressure variations on the order of 1 Pa on top of an ambient pressure of 10 5 Pa. Moreover, the agreement is excellent also in absolute pressure.
In Fig. 5 (f) the normalized power spectrum of the calculated and low-pass filteredP s t ð Þ curve and the power spectrum of the measured pressure curve are shown. The agreement between the two curves around the driving frequency is very good, consistent with the agreement found in time domain between the two curves.
The above-shown data processing for a single bubble was repeated for all recordings. The traces were bandpass filtered to keep the frequency content at the fundamental driving frequency, and the maximum amplitude of oscillation was found by using a Hilbert transform to calculate the envelope of oscillation. The amplitudes of all echoes are shown in the scatter plot in Fig. 6 . The solid line denotes equal pressure amplitudes from the recorded and the derived pressure traces. The dotted lines in Fig. 6 represent the difference of 63 dB between the two data sets.
The data sets show larger difference in amplitude than presented in Fig. 5(e) . Nevertheless, in 65% of the experiments the fundamental response predicted from the R(t) curve is within 63 dB of the measured fundamental response. In 93% of the experiments the difference is within 66 dB. We observe that the measured fundamental acoustic response is typically 1 dB lower than the acoustic response predicted from the R(t) curve. Several possible causes can be identified for the variation and difference. The first possible cause is the acoustic attenuation of the wall of the cellulose capillary tube, which would lower the measured acoustic response. Second, an error in the determination of the bubble radius, R, could affect the predicted amplitude in the cubic relation [see Eq. (2)]. Preliminary studies have shown that small differences in optical focusing could result in a systematic measurement error in the radius of 15%. Third is a possible error in the calibration value of the receiving transducer. The hydrophone used as a standard for the calibration has an accuracy of 10%, or 0.8 dB, as stated by the manufacturer.
B. Nonlinear response
In the example presented in Fig. 5 the bubble is oscillating linearly, and no signal appears at the higher frequencies. The latter implies that high-frequency noise on the predicted P s t ð Þ curve can be removed by a low-pass filter without signal loss. However, a bubble oscillating nonlinearly may show higher-harmonic oscillations and the use of a low-pass filter would result in signal loss. Figure 7(a) shows an example of a bubble with a subharmonic oscillation behavior. The bubble has an initial bubble radius of 4.9 lm and it was excited with a driving pulse with a frequency of 1.8 MHz. Since the driving frequency was close to twice the eigenfrequency of the encapsulated bubble of 0.94 MHz, 21 the bubble responds nonlinearly with a subharmonic oscillation at a frequency of 0.9 MHz. The radial subharmonic response is higher than the fundamental response at a frequency of 1.8 MHz. The resulting acoustic response from these nonlinear oscillations is calculated with Eq. (1). Figure 7(b) shows the power spectrum of the resulting acoustic response which is compared to the power spectrum of the simultaneously measured acoustic response. For the fundamental response and the subharmonic response the agreement is very good. As explained by the x 2 dependence in Eq. (2) the subharmonic acoustic response has decreased fourfold, or 12 dB, relative to the fundamental acoustic response.
C. The inverse problem
In the measured acoustic response shown in Fig. 7(b) we observe higher-harmonic content at frequencies of 2.7 and 3.6 MHz, which is not visible in the radial response, and therefore also not in the pressure response predicted from the radial response. The signal-to-noise ratio (SNR) of R(t) is about 25 dB [ Fig. 7(a) ]. The SNR of P s (t) is about 40 dB, thus showing a superior resolving power for higher-harmonic responses and smaller oscillation amplitudes. Moreover, these data, in conjunction with the x 2 dependence presented in Eq. (2), suggest that higher-harmonic radial excursions may be better detected from the acoustic recordings. Experimental recording of the acoustic response of a microbubble may thus become complementary to optical recordings. Inversion of Eq. (1) should then assist in finding the radial dynamics from the experimental pressure-time curve.
Here, we show that it is possible to reconstruct the radial dynamics from the measured P s (t) curve. The radial dynamics can be recovered from a double integration of Eq. (1),
The initial bubble radius was obtained from the optical recordings and the initial bubble wall velocity was always taken to be zero
The distance r between the microbubble and receiving transducer is known for this experimental setup. Finally, the acoustic response is integrated numerically to obtain the bubble radius R(t) as a function of time. The numerical integration is done with the trapezoidal rule in MATLAB.
In Fig. 8 the result from solving this inverse problem is shown for the acoustic response of the very same bubble as presented in Fig. 5 . The bubble had a radius of 6.5 lm and it was subjected to a 1 MHz pulse. The measured acoustic response P s (t) was numerically integrated twice to givê R 3 t ð Þ. Noise in the recorded acoustic response gives the P s (t) curve a small offset. The double integration is extremely sensitive to low frequencies and a small offset results in a drift and an unphysical growth of the bubble size in the final R(t) curve. We corrected for this drift by applying a second order Butterworth 0.2 MHz high-pass filter on _ R 3 t ð Þ after the first integration step. For small time steps (Dt < 5 Â 10 À8 s) the double integration was found to converge to the predictedR t ð Þ curve as shown in Fig. 8 . The good agreement between the predicted and recorded radial dynamics is remarkable. Oscillations of the bubble wall of tens of nanometers are correctly predicted from an acoustic response measured at a distance of 2.6 cm. Note that we can measure changes in the radius with an accuracy of several tenths of a nanometer. The measurement (the observed radius) is the convolution of the optical point-spread function (PSF) with the real radius of the bubble. The PSF does not change during the measurement and therefore the change in the observed radius is due solely to the change in the real radius of the bubble. Moreover, the observed radius is deduced from an area measurement, see van der Meer et al.
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A small offset in the radial excursion can be observed between the predicted and the measured R(t) curves. As discussed before, compression-only behavior gives an offset to the mean radius during the oscillation. The offset can be looked upon as a low-frequency component. Since the receive transducer is not sensitive to such low-frequency components it is not detected; conversion from the recorded P s (t) into anR t ð Þ will therefore not predict the compressiononly behavior either. Note that a similar effect is also present if no high-pass filter to _ R 3 t ð Þ were applied. In Fig. 9 the power spectrum of an optically recorded R(f) curve is presented (R 0 ¼ 4.9 lm) together with the spectrum of the radial dynamicsR f ð Þ as predicted from the measured P s (t) curve. The curves are again normalized with a common factor. We can identify a quantitative agreement between the two curves. The higher-harmonic oscillations of the bubble that are invisible in the optically recorded R(t) curve are clearly visible in the dynamics determined from the recorded acoustic response. Therefore, Fig. 9 confirms the hypothesis that acoustic techniques can be used to study the higher-harmonic radial dynamics of ultrasound contrast agent microbubbles much more sensitively than the ultrahigh-speed camera can.
To investigate the accuracy of the inverse method for all bubble recordings, the amplitudes of the optically recorded radial responses were compared to those of the predicted ones, at the fundamental frequency. The agreement between the two was of similar quality as the one resulting from the agreement seen with the forward method (see Fig. 6 ) and therefore not plotted. In 60% of the experiments the fundamental response of the radial dynamics predicted from the P s (t) curve is within 3 dB of the measured fundamental response. In 80% of the experiments the difference is within 6 dB. The reason for the differences being larger than in the forward method may be the larger sensitivity for the estimate of the bubble radius. On average, the acoustically derived radial response had a slightly lower amplitude of oscillation than the optically observed radial response.
D. Surface modes
In some of the conducted experiments nonspherical shape oscillations were observed. The oscillation of these so-called "surface modes" is predominately of period-doubling nature. [42] [43] [44] For uncoated bubbles in an unbound medium, Longuet-Higgins has shown that surface modes radiate pressure waves at the subharmonic frequency, with an amplitude that decays with 1/r n , see Ref. 42 , with n the surface wave mode number. Since the receiving transducer is relatively far from the microbubble, the subharmonic waves scattered by the surface mode oscillations may well be below the noise level. However, the presence of the capillary wall and a nonlinearly behaving coating are violating the boundary conditions set in Ref. 42 , namely a free gas bubble in an unbounded fluid. Therefore, it has been hypothesized that surface mode oscillations may contribute to the subharmonic frequency content in the echo. If surface mode oscillations would scatter significant ultrasound waves at the subharmonic frequency then there should be a difference between the subharmonic content calculated from the radius-time curve and the acoustically measured subharmonic content. We have therefore analyzed our data for both the occurrence of subharmonic acoustic emission and the occurrence of surface modes.
Of the set of 16 bubbles a total of 4 bubbles in 23 different experiments showed an acoustic subharmonic response. The threshold for the occurrence of a subharmonic response was set at À20 dB compared to the fundamental-frequency response. Examples of these subharmonic responses are shown in Figs. 4 and 7 . The subharmonic emission can also be predicted from the optically measured R(t) curves. By doing so, we found that the predicted and measured sound emission at the subharmonic frequency overlap within 2.5 dB for 20 of the 23 experiments. Therefore, the occurrence of subharmonic emission can be estimated from the acoustic data as well as from the optical data.
The images were found to be very similar to those recorded earlier by Dollet et al. 43 While a very similar decomposition analysis as detailed in Ref. 43 (Color online) Example of acoustically predicted higher-harmonic radial responses that are not detected optically. The graph shows the power spectra of the R(t) curves of a bubble with an initial bubble radius of 4.9 lm subjected to a 1.8 MHz pressure pulse [the same response as in Fig. 7(a) ]. The noise in the optical data is higher than the levels of the expected higherharmonic oscillations.
images were scored manually. The typical surface mode amplitude grows exponentially over time and in our experiments they reached an amplitude of 0.3 lm, which is of the same order as the volumetric radial oscillations. In 69 cases, surface mode oscillations were visible. Remarkably, in 54 cases the surface mode oscillations were not accompanied by significant subharmonic ultrasound emission, while in the other 15 cases they were. See Table I for the statistics. Moreover, the absence of surface mode oscillations did not predict the occurrence of subharmonic ultrasound emission either. These data suggest that there is no direct correlation between the presence of surface mode oscillations and the presence of subharmonic ultrasound emission in the current experimental settings.
A short note should be addressed to the coupling of period-doubling surface modes to fundamental frequency sound emission. Longuet-Higgins 42 predicts that the perioddoubling surface modes induce a forcing of the gas volume at the fundamental frequency, which in turn produces an additional fundamental frequency sound emission. Since we are measuring the radial dynamics directly, this possible contribution of the surface modes is already contained in R(t) and we cannot distinghuish the contribution of the surface mode from the contribution of the driving pressure wave.
Surface modes may still play a role in the initiation of volumetric subharmonic oscillations. Furthermore, the optical plane of the microscope is parallel to the wall, and any nonspherical modes with an orientation normal to the wall will not be visible in the optical images. 35 Therefore, a more detailed investigation of the sound emission of surface modes requires a "side view" microscope to visualize the nonspherical modes of the bubble normal to the wall. The summarized results presented in Fig. 6 show that Eq. (1) can be used to predict the scattered sound from the recording of radial dynamics. Sound levels on the order of 1 Pa could be detected and predicted using both optical and acoustical techniques. The inverse method, predicting the radial dynamics from the echo, also shows good correlation between the predicted and recorded radial dynamics. For a single bubble, the difference between predicted and measured time traces can be large, up to a factor of 3. We have suggested that both noise and calibration play a major role in the observed differences. The influence of both is further discussed in this section.
The examples of acoustic measurements presented in Figs. 7(b) and 9 show a signal level of about 10 Pa and a noise level of about 0.1 Pa (SNR $40 dB). For equal relative radial excursion and frequency the echo amplitude grows with the third power of the radius [see Eq. (2)], while noise in the receiving system is independent of the radius. Therefore, the SNR will decrease dramatically in acoustic recordings of smaller microbubbles. On the other hand, it can be shown that noise in the optical recordings is inversely proportional to the bubble radius because of the finite pixel size of the CCD sensor (with the 100Â objective the resolution is $ 0.20 lm/pixel). Therefore, the SNR decreases also in optical recordings of smaller bubbles, although to a lesser extent. We found that the acoustic recordings of the smallest bubbles in our data set (R 0 < 2 lm) show a SNR of about 20-30 dB while the optical recordings have a SNR of about 10 dB or worse. Thus, the acoustic recordings show an overall higher SNR than the optical recordings.
The x 2 dependence in the conversion from radial dynamics to a pressure wave implies that acoustical methods are more sensitive to detect higher-harmonic emission. This is demonstrated in Fig. 9 , in which the higher-harmonic radial dynamics were not detected by optical recordings but only through acoustical recordings. The x 2 dependence also implies that optical methods are more sensitive to detect subharmonic emission. This effect is visible in, for example, Fig. 7 . Strictly speaking, the high acoustical sensitivity is only present in a limited frequency band. The transducer has a frequency band of about 1-5 MHz and outside this range the SNR is much lower. Therefore, low-frequency features of the radial dynamics such as compression-only behavior might not be captured by the present transducer. In future experiments this drawback could be worked around by the addition of a dedicated low-frequency transducer. Transducers such as hydrophones that have much larger bandwidth also generally have higher noise levels and therefore may not be able to detect pressure levels of 1-10 Pa with sufficient SNR. The Brandaris 128 ultra-high-speed camera has an effective bandwidth of 0-12.5 MHz when operated at its maximum frame rate and can therefore inherently capture the low-frequency contents.
The sensitivity of the optically recorded radial response could be improved. One could try to increase the optical zoom to decrease the influence of the finite pixel size. Another improvement would be to reduce motion blur of the oscillating bubble wall by decreasing the exposure times within the design of the Brandaris-128 camera. This also requires either more sensitive CCDs or an increased intensity of the illumination. A third option would be to use laser-induced fluorescence techniques and high-intensity illumination to increase the contrast of the bubble wall with respect to the background illumination. Finally, improved data processing of the images may lead to noise reduction in the R(t) curves. The R(t) curves are derived from a simple minimum cost algorithm applied to the derivative of the grayscale values in the image, to determine the contour of the bubble. However, no sophisticated preprocessing has been applied until now. Edge enhancement and noise reduction algorithms could lead to R(t) curves with a significantly reduced noise level.
With respect to the calibration of the receiving transducer it may be concluded from the good data agreement that the calibration procedure suffices. However, time trace analysis of the recorded and predicted echoes sometimes show a different trace despite a good agreement in the frequency domain of the two signals. Analysis showed that this was caused by the frequency-dependent phase response of the receiving transducer and subsequent acquisition system. The phase response produces a different delay of the various frequency components in the recorded acoustic signal. The optical system has an almost frequency-independent phase response and therefore a difference in the time trace between the recorded and predicted time traces can be expected. A future setup may benefit from the calibration of the phase response of the receiving transducer as suggested by van Neer et al.
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It is convenient to use the linearized form Eq. (2) (1) is not clear a priori. The higher order harmonics in the scattered signal may arise from a nonlinear conversion from a linear response R(t) to P s (t), necessitating the use of Eq. (1). Conversely, a nonlinear acoustic response could be calculated form a nonlinear radial response through Eq. (2). The optical sensitivity near the second harmonic frequency was limited to À40 dB and made an experimental interpretation of the exact origin of the nonlinear contributions in the acoustic response rather inconclusive. These are interesting subjects for future numerical investigations.
B. Remote acoustic detection of radial dynamics
The inverse acoustic method may have advantages over optical recordings in in vitro studies of the radial dynamics of ultrasound contrast agent microbubbles, in addition to the higher SNR. Optical recordings with a microscope inherently need an objective mounted close to the bubble, regularly at a distance on the order of 1 mm. Such an objective may produce acoustic reflections that interfere with the bubble signals. Acoustic recordings can be performed remotely, at a distance of 10 cm or more from the bubble. A disadvantage of the acoustical method is the precarious isolation of single microbubbles, a requirement less stringent in the optical microscope method.
The inverse method could potentially provide a new tool to investigate the relation between local mechanical action and enhanced drug uptake by cells 11, 12, 46 in vivo. In literature it is suggested that strain caused by oscillating bubbles close to a cell membrane results in opening of the cell and enhanced drug uptake. Strain could be estimated from the oscillation amplitude of the bubble. 12, [46] [47] [48] Thus, in the future a remote acoustic detection method may give direct feedback on the locally controlled mechanical forcing near cells. One requirement for such an application is to know the initial bubble radius to enable the integration of Eq. (4). Acoustic techniques based on off-resonant bubble sizing [49] [50] [51] or optical techniques based on laser light scattering 52 could provide an estimate of the initial bubble radius. More elegantly, the size requirement could be fulfilled by the use of monodisperse ultrasound contrast agent microbubbles that can be produced through flow focusing in a lab-ona-chip device. 53, 54 VI. CONCLUSIONS
In conclusion, we have experimentally shown that the radial dynamics of an isolated oscillating microbubble can be used to predict its acoustic emission. It is shown that higher order harmonics in the radial dynamics of the microbubbles are enhanced in the acoustic emission. Conversely, the measured acoustic emission resulting from an isolated oscillating microbubble with a known initial bubble radius can be converted to correctly describe the radial bubble dynamics. Ultra-high-speed imaging and acoustic recordings are shown to complement each other in the characterization of both the dynamic and the acoustic behavior of ultrasound contrast agent microbubbles. Small amplitude behavior and the higher-harmonic response is shown to be characterized more sensitively by acoustic techniques. Nonspherical oscillations and low-frequency behavior such as compressiononly behavior, which are important features in modeling and predicting bubble behavior, are exclusively captured in the optical configuration.
